We report that a 120-kDa glycoprotein is the predominant laminin-binding protein detected within plasma membranes of rodent NG108-15 neural hybrid cells, embryonic chicken brain, and mouse 3T3 fibroblasts. This protein was detected when membrane extracts were separated by PAGE, transferred to nitrocellulose, and incubated with laminin at concentrations as low as 2.8 x 10" M, under conditions of physiological ionic strength and pH and in the presence of calcium ions. It behaves as an integral membrane component, and its laminin-binding moiety is accessible to the external face of the cell surface. Moreover, it appears to bind to a site on laminin that is very sensitive to proteolysis. The properties of this protein, which we have termed "cranin," distinguish it from other known laminin receptors and make it a candidate to mediate some of the effects of laminin upon cells.
Laminin is a large extracellular protein that has extraordinarily potent effects upon cell behavior, including cellsubstratum attachment, spreading, migration, differentiation, proliferation, and neurite outgrowth (1); these effects involve multiple domains within the laminin molecule that exhibit distinct biological activities (2, 3) . Laminin acts by binding to cell surfaces (1) , and several different cell surface proteins have been described that bind laminin with various affinities (2, (4) (5) (6) (7) . We have undertaken a systematic search for laminin-binding proteins within plasma membrane fractions of neural hybrid NG108-15 cells and of embryonic chicken brain and report here the identification of a protein that is the predominant laminin binding protein in our assays. These results have been presented in preliminary form (8) .
MATERIALS AND METHODS
Extraction of Cells. Freshly isolated tissue (embryonic chicken brains or NG108-15 cells scraped from culture dishes) was homogenized by 30 strokes with a tight-fitting Dounce pestle in cold extraction buffer [0.01 M Hepes-NaOH (pH 7.6), 8 .55% (wt/vol) sucrose, 1 mM Na2EDTA, 0.5 mM dithiothreitol, aprotinin at 10 ,ug/ml, and 2 mM phenylmethylsulfonyl fluoride]. After removing the low-speed pellet (300 x g, 10 min), a crude membrane preparation was obtained by higher-speed centrifugation as the 20,000 x g, 20-min pellet. To obtain plasma membranes, the pellet was suspended in 0.01 M Hepes, 8.55% (wt/vol) sucrose, and 1 mM EDTA, layered on a 8.55/21/40/54% (wt/vol) discontinuous sucrose gradient, and centrifuged in an SW41 rotor at 100,000 x g for 2 hr. The material at the 21/40% (wt/vol) sucrose interface was taken and stored at -80°C. Reactivity appears to be stable for at least 6 months under these conditions. For further purification, plasma membranes were thawed and centrifuged again at 23 ,500 x g for 25 min; in some cases, they were rinsed in 0.5 M NaCl/4 M urea (freshly dissolved) ( Ultrapure, Bethesda Research Laboratories)/0.01 M Hepes on ice, diluted with excess Hepes, and centrifuged again. Membranes were solubilized in buffer A (0.01 M triethanolamine-NaOH, pH 7.6/0.14 M NaCl/1 mM CaCl2/1 mM MgCI2) plus 2% (vol/vol) Nonidet P-40 (Sigma) on ice for 1 hr, then clarified at 23,500 x g for 25 min.
Electrophoresis of Proteins. Samples were either precipitated in excess methanol (-20°C) and washed in ethanol or precipitated in 10% (wt/vol) trichloroacetic acid and washed in ethanol and ether. Samples were solubilized in 4% (wt/vol) NaDodSO4, 20% (vol/vol) glycerol, 0.125 M Tris-HCl (pH 6.8), and 1% dithiothreitol and were placed on a boiling water bath for 3 min. They were separated by NaDodSO4/PAGE using the Laemmli method (9), with a 2.5% stacking gel and a 5-15% (wt/wt) linear-gradient concentration-resolving gel. Molecular Fig. 2, lanes 1-3) exhaustively digested with elastase [enzyme/substrate (wt/wt), 1:10] for 24 hr at 37°C; the reactions were stopped by adding excess phenylmethylsulfonyl fluoride. To isolate the El fragment described by others (e.g., refs. 2 and 3), the proteolytic digest was passed over a heparin affinity column in 0.05 M ammonium bicarbonate (pH 7.9), and the nonbinding fraction containing El was separated on nonreducing NaDodSO4/polyacrylamide gels and stained with Coomasie blue. A large, prominent fragment was seen whose apparent molecular size was somewhat greater than 400 kDa; this band was cut from gels and injected into rabbits to produce a polyclonal antiserum that selectively recognized fragments El and E1-4 on immunoblots of unfractionated proteolytic digests of nonreduced laminin, at a dilution of 1:5000.
RESULTS AND DISCUSSION
To detect proteins that may act as cell surface receptors for laminin, membrane extracts were prepared from NG108-15 cells and embryonic chicken brain, separated on NaDodSO4/ polyacrylamide gels, and transferred to nitrocellulose. Nitrocellulose blots were incubated with 1251I-labeled laminin, rinsed, and autoradiographed. This protein-blot ligand assay technique has been successfully used by many investigators to detect protein-protein interactions that are of physiologic significance. In particular, others have detected lamininbinding proteins in muscle cell membranes (5) and in bacteria (11) using protein-blot ligand assays. The present study employed the same general methodology, but the assay was refined in a number of critical ways as follows. (i) Both NG108-15 cells and embryonic brain cells respond to laminin (refs. 12 and 13 and references cited therein) yet contain extremely sparse extracellular matrices. Thus, these tissues contained relatively few laminin-binding matrix components whose presence might obscure laminin's binding to membrane proteins. This is in contrast to muscle (5) or liver (unpublished data) membranes that are from tissues rich in extracellular matrix and that give excessively high backgrounds.
(ii) Nitrocellulose blots were made of Nonidet P-40-solubilized cellular proteins or NaDodSO4-solubilized plasma membranes, rather than whole cell lysates. This reduced overloading of sample lanes, increased the relative concentration of integral membrane proteins in the samples, and removed many extraneous proteins (e.g., extracellular matrix proteins, such as entactin/nidogen) that may also bind laminin. Additional rinsing of membranes with high salt and urea solutions was not necessary to visualize laminin binding proteins but was helpful in this regard.
(iii) Incubation periods were kept short (1-2 hr), and a very low concentration of laminin was used (25 ng/ml or 2.8 x 10-11 M). This further reduced background reactivity and ensured that only very tight binding interactions would be observed.
(iv) Blots were blocked in 3% (wt/vol) bovine serum albumin and a nonionic detergent (0.1% Nonidet P-40) overnight to minimize nonspecific protein binding by way of ionic or hydrophobic mechanisms. However, detergent was omitted during incubations with 125I-labeled laminin, because it is known to interfere with binding of proteins to laminin in at least some cases (5) . As shown below, detergent prevented binding in the present study as well.
(v) Incubations were performed at physiological ionic strength and pH and in a buffer containing 1 mM Ca2+ and Mg2+ ions. Again, these stringent conditions reduced nonspecific background reactivity and allowed us to detect binding interactions dependent upon Ca2+ or Mg2+ (e.g., ref.
14; see also below).
Under the conditions just described, only a single major laminin-reactive band was detected in membrane extracts by protein-blot assay that migrated with an apparent molecular size of 120 kDa by PAGE (see Figs. 1-3) (8) . The properties of this laminin-reactive band, referred to here as "cranin," were characterized.
Cranin Behaves as an Integral Membrane Protein. The laminin-reactive band was retained within NG108-15 plasma membranes after freeze-thawing and rinsing with 1 mM EDTA, which subsequently became steps of the preparative protocol. It was resistant to treatment of membranes with 0.5-2 M NaCl, 4-6 M urea, and high pH treatment (0.1 M sodium carbonate, pH 11.6) but was readily extracted subsequently with 2% (vol/vol) Nonidet P-40 or 2% (wt/vol) NaDodSO4 (Fig. 1) . Furthermore, the laminin-reactive band could also be recovered from phenyl-Sepharose CL-4B beads (Pharmacia) when plasma membrane extracts were treated with Bio-Beads SM-2 (Bio-Rad) to remove excess detergent, passed over the phenyl beads in buffer A plus 1 M NaCl, and rinsed with buffer A or with low ionic strength buffers. Finally cranin was eluted with 2% (vol/vol) Nonidet P-40 (data not shown), indicating that the laminin-binding protein possesses hydrophobic character. These properties satisfy the usual operational definition of an integral membrane protein.
Cranin Is Present on the External Surface of NG108-15 Cells. When living NG108-15 cells were trypsinized gently, in a manner that did not affect cell viability, most of the lamininbinding reactivity was no longer detectable in blots of plasma membranes extracted from these cells (Fig. 2) . The lamininbinding moiety of the 120-kDa protein is thus largely accessible to the external face of the cell surface and is sensitive Effects of chaotropic agents and distribution among cell types. Lamininbinding reactivity was detected using protocol 2. Lanes: 1, plasma membranes from 14-day embryonic chicken brain; 2-5, aliquots of NG108-15 plasma membranes; 6, salt-and urea-washed crude membranes of mouse 3T3 cells. In lanes 2-5, membranes were rinsed with various buffers, extracted with NaDodSO4, separated by PAGE, and assayed for laminin-binding proteins by protein-blot ligand assay Lanes: 2, control, membranes rinsed with 0.01 M Hepes, pH 7.6; 3, rinsed with 0.5 M NaCI/4 M urea/0.01 M Hepes, pH 7.6; 4, proteins released with 0.5 M NaCI/4 M urea/0.01 M Hepes, pH 7.6; 5, membranes rinsed with 0.1 M sodium carbonate, pH 11.6. The 120-kDa band resists solubilization by these treatments, although 2% (vol/vol) Nonidet P-40 is effective. Note that the reactivity is more intense in lanes 3 and 5 due to removal of some extraneous comigrating cell proteins that decrease access to the 120-kDa protein during the protein-blot assay.
to trypsin. The presence of some internal membranes in our plasma membrane preparations probably accounts for the slight residual reactivity seen after trypsinization of living cells, since plasma membranes treated directly with trypsin lost all reactivity in the protein-blot ligand assay, even using several orders of magnitude less trypsin relative to membrane protein (Fig. 2) . No stable laminin-binding tryptic fragments were detected in the presence or absence of Ca2+ and Mg2+ ions (Fig. 2) labeled bovine serum albumin. Binding of 'l25-labeled laminin to the 120-kDa cranin band was inhibited by a 70-fold excess of unlabeled laminin (Fig. 3A) but not by a 100-fold excess of bovine serum albumin or by performing incubations in 2% goat serum. Digesting laminin with elastase destroyed its ability to inhibit binding of 1251I-labeled laminin to cranin (Fig.   3B) . A systematic examination of partial proteolytic digests revealed that very gentle conditions [enzyme/substrate (wt/wt), 1:100; 4 hr; 40C] were sufficient to prevent competition for 1251I-labeled laminin binding. Fig. 4 shows that this gentle proteolysis does not greatly reduce the overall amount of laminin present, which remained nearly intact when its disulfide bonds were not reduced. However, when electrophoresed under reducing conditions, the treated laminin is seen to have undergone a significant number of cleavages; in particular, loss of the 400-kDa A chain of laminin paralleled the loss of ability to compete for 1251I-labeled laminin binding to cranin (Fig. 4) . These data do not localize the cranin binding site on laminin but suggest that cranin recognizes a site on laminin that is either very sensitive to proteolysis or whose conformation becomes lost upon proteolysis.
Another specificity control was provided by preincubating '251-labeled laminin with various antisera before performing protein-blot ligand assays. Polyclonal anti-laminin antiserum (Bethesda Research Laboratories) abolished binding at dilutions down to 1:3000 (the lowest tested), whereas the antiserum raised against the laminin El fragment had no effect at up to a 1:60 dilution (Fig. 3C) 4 and 17) . Thus, it exhibited microheterogeneity as is typical for many glycoproteins. In membrane extracts, cranin bound nearly quantitatively to concanavalin A affinity columns under conditions (0.3 M NaCl/0.1% Nonidet P-40 in buffer A) in which only 3-7% of membrane proteins bind; it could be eluted from these columns by 0.4 M a-methylmannoside (8) (data not shown). Under similar conditions, cranin was also partially retained on wheat germ agglutinin columns, though to a lesser extent. These data suggest that cranin is a mannose-containing glycoprotein, though it cannot yet be excluded that it forms a tight complex in solution with a mannose-containing glycoprotein instead. Cranin does not appear to be a heparan sulfate proteoglycan, since its mobility on gels (and ability to bind laminin) was unaffected by nitrous acid treatment using the method of Shively and Conrad (18) (Fig. 5) .
Cranin Is Present in a Variety of Laminin-Responsive Tissues. The 120-kDa band was the predominant lamininreactive protein detected in undifferentiated (Figs. 1 and 2 ) and in serum-starved differentiated NG108-15 cells; in embryonic chicken brain tested at 9, 13, and 14 days (Figs. 1 and  3) ; and in salt-and urea-washed membranes of mouse 3T3 fibroblasts (Fig. 1) . In adult mouse liver, a 120-kDa band was partially obscured by other bands at higher apparent molecular size (similar but fainter bands are visible in 3T3 cells; Fig.  1, lane 6) , perhaps reflecting the difficulty in fully rinsing matrix proteins away from membranes in tissues that contain large quantities of extracellular matrix.
Cranin Is Distinct. The physical, chemical, and binding properties of cranin clearly distinguished it from other known laminin-binding proteins. Unlike the CSAT-JG22-integrinfibronectin receptor complex, cranin was trypsin sensitive, and its mobility was unaffected by reduction (4, 17) . Moreover, purified CSAT antigen (a gift from A. Horwitz, University of Pennsylvania) did not bind laminin in the proteinblot ligand assays, as expected from its low affinity for laminin (4) . Nor did 1251-labeled fibronectin bind to a 120-kDa band in assays of chicken brain extracts. Integrin requires an intact oligomeric complex to bind laminin (20) , a condition that is clearly not satisfied in the protein-blot ligand assay. Both mammalian and chicken sources contained the lamininbinding molecule cranin, whereas the mammalian fibronectin receptor complex appears not to recognize laminin (21) . Finally, no laminin-reactive bands were seen on protein-blot ligand assays carried out on immunoprecipitates of brain extracts using the CSAT antibody (a gift from C. Buck, University of Pennsylvania; data not shown). Therefore, at least seven lines of evidence suggest that cranin is distinct from CSAT/integrin.
The mobility of cranin in polyacrylamide gels is clearly different from that reported for the connectin-anchorin-LM68 laminin receptor (5-7). A 70-kDa laminin-binding protein is indeed identified by us in NG108-15 cells and embryonic chicken brain, but its behavior on laminin affinity columns (8) and in protein-blot ligand assays differed from that of cranin (Figs. 1-3 vs. 6). (It is still not clear why cranin within membrane extracts does not bind to laminin affinity columns. The obvious explanation would be that detergents are present in these extracts, for detergents are known to abolish binding in the protein-blot ligand assay. However, we cannot rule out other possible factors as well; for example, the cranin binding site on laminin may be altered when laminin is coupled to affinity beads.) Furthermore, connectin binds to a large proteolytic fragment of laminin (El) found after exhaustive digestion with elastase (2), whereas very gentle proteolytic treatment of laminin abolished its ability to compete for binding of 1251I-labeled laminin to cranin (Figs. 3B and 4). A polyclonal antiserum raised against El failed to block 125I-labeled laminin binding to cranin (Fig. 3C) .
Cranin is unlike entactin/nidogen (22) , because cranin resisted extraction from membranes with high salt and urea solutions ( Fig. 1) 120 kDa is seen, suggesting that cranin does not bind under these conditions. Protein-blot ligand assays performed on the flow-through fraction and on material eluted from beads in 2% (wt/vol) NaDodSO4 showed that cranin was present exclusively in the flow-through (data not shown), ruling out the alternative explanation that cranin within membranes was simply not efficiently labeled with 1251. Tick marks indicate positions of molecular size standards.
columns at physiological ionic strength (8) . While entactin forms a series of breakdown fragments, including fragments at 100 and 80 kDa (22) , no such bands were observed in our protein-blot assays. Nor did anti-entactin antiserum (a gift of A. Chung, University of Pittsburgh) react detectably with any bands in blots of our membrane extracts. Extraction of tissues employed a cocktail of protease inhibitors to minimize the possibility that cranin is a breakdown product of another protein.
Polyclonal anti-laminin antisera did not recognize a 120-kDa band within plasma membrane extracts (data not shown). Though laminin is known to bind to itself in selfassembly (23) , it is unlikely that cranin represents a lamininbinding fragment of laminin since excess unlabeled laminin inhibited, rather than enhanced, binding of 125I-labeled laminin in protein-blot ligand assays (Fig. 3A) .
Finally, the mobility of cranin was unaffected by nitrous acid treatment, suggesting that it is not a cell-surface heparan sulfate proteoglycan. Cranin appears to bind to a protein, rather than carbohydrate, moiety on laminin, since binding was abolished by reduction of laminin and by gentle proteolysis; also, a variety of sugars tested failed to inhibit binding in protein-blot assays.
The properties of cranin presented here make it an excellent candidate to mediate some of the effects of laminin on living cells. For example, neurites interact with a "highaffinity" site on laminin that is near the end of the long arm; the long arm is known to be very sensitive to proteolysis and to exhibit conformational-dependent behavior that is modulated by divalent cations (23) (24) (25) . A polyclonal antiserum raised against highly purified cranin does, in fact, selectively stain long tract axons, including optic nerve, within the embryonic chicken and rat brain at stages when laminin is expressed; staining is absent in the adult rat where active growth (and 
